General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA CONTRACTOR REPORT 1 66522 


Fused Silica Mirror Development for SIRTF 



(H&SA-CE-I66522) FUSED SILICA 
DBVELOPHEMT FOE SIfiTF (Itek Cor 
HC A05/HF A01 


HIBECE 
F*) 90 p 

CSCL 03A 


G3/89 


K83-35959 


Dnclas 

42073 


CONTRACT NAS2- 10859 
July 1983 




NASA CONTRACTOR REPORT 166522 


Fused Silica Mirror Development for SIRTF 


William P. Barnes, Jr. 

Itek Optical Systems Division 
Litton Industries 
Lexington, Massachusetts 


Prepared for 

Ames Research Center 

under Contract NAS2-10869 


IVIASA 

National Aeronautics and 
Space Administration 

Ames Rstoarch Center 

Moffett Field, California 94035 


i 


Table of Contents 

1. Introduction and Suonary 

2. Statement of Work 

3. Telescope Wavefront Error Budget and Test Accuracy 

4 . Test Arrangement 

5. Results > First Cold Cycle 

6. Results - Second Cold Cycle 

7 . Results - Post Test Inspection 

8. Disctissl(ms and Conclusions 

9 . Elecoam^ndat ions 

Appendix A - Test System Thermal Analyses 
( Appendix B • Component Verification Tests 

Appendix C * Temperature Instrumentation 

Appendix D - Interferometric Data Reduction - First Cold Cycle 
Appendix E - Interferometric Data Reduction - Second Cold Cycle 


1 


1. INTRODUCTION and SUMK/UIY 


Tha principal purpoaa of this task was to datarmina the optical 
figure changes of a fused silica mirror, mounted in an aluminum 
structure, at temperatures of 30 kelvins or less. The test arrange- 
ment included a tangent flexure mounting and conductive thermal 
connectors chosen to be viable candidates for a flight-qualified 
telescope system. The test cycles ^re successfully executed, and 
mirror tenq>eratures as low 12.8 kelvins were attained. Uhpredicted, 
but in retrospect not unusual, local figure irregularities were 
observed* They correlated perfectly with the core configuration 
of the lightweight mirror. These irregularities are almost certainly 
a result of thermal flux from the large, warm, observing window. 
Although the window emittance at wavelengths longer than 5/tm had been 
reduced by a multi-layer metal -dielectric coating, calculations based 
on its measured reflectance indicate that it is radiating a total of 
25 watts into the test chamber. 

The worst case mirror surface variations from a true sphere 
amounted to 0.28 waves rms at a test wavelength of 633nm, or 0.18Mm 
rms. We originally reduced o\ir data on the basis of differencing room 
temperature and cold mirror interf erograms . However, we further dis- 
covered that the mirror stirface was moving quite rapidly during our 
observation, and temperature data indicated that large thermal fluxes 
are present. We believe that any changes which might be ascribed to 
material property inhomogeneity are engulfed by the thermal gradient 
deflections which develop in a matter of seconds during the optical 
observation periods. 

The thermal fliix boundary conditions of our tests have proven 
tc bo muc h more severe than those expected in the SIRTF operational 
environment. The value of our tests lies in a demonstration that 
solutions for conductive cooling and mounting of a fused silica 
mirror in an aluminum structure for use at 10 kelvins are close at 
hand, and that the ultimate design of component and telescope system 
testing facilities for SIRTF will require very close attention to 


all datalls of tha thataal homdmrf eonditlona inpotad. Furthar cryo- 
ganlc taaclng of fuaad silica mirrors, fraad from tha rastrictions and 
boundary conditions of thasa tasts - an existing mirror fittad into 
an axisting cast chambar - appaars wall raeosnandad. 

Soma failucas of tha tharmal connactors racommand dasign rafina- 
mants and further breadboard tasting of such components. Hora precise 
axparifflMtal charaetarisation of tha affect of structure deflections 
acting through the mount flexures to produce mirror figure changes is 
desirable. 

Tha mount dasign appaars to have performed as expected, with no 
avidanca of any failure or malfunction. Forces transmitt ad through 
tha mount as a result of diffar«iCial expansion between tha mirror and 
mounting ring primarily affect tha cylindrical and ''tricorn*' (29 and 39) 
mirror deflections. Both absolute values and differences in thasa 
deflections remained below I wave paak> to- valley (at 633nm) in all 
cases examined. 
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2. mTStm OF UOBK 


Parasraph 2.1 and 2.2 ara quocad varbatla from tha contract 

doctauit. 

2.1 SCOPE AND PURPOSE 

Tha contractor ahall provide tlM paraonnal, natarlala, 
and faellltlaa naadad to avaluata tha capability of a light- 
waightad fuaad tlllca airror to naat tha following goals t 

1. Hold flgura at cryoganie taaparatinra 

2. Ba Bountad so that diffarantlal axpanslon af facts at 
cryo^nic traparatnra will not aaccaad tha required 
figure tolerance. 

3. Ba cooled to uniform tamparaturas across tha mirror 
at operating taaparatura. 

Tha contractor shall provide tha demonstration program 
described herein, using a test mirror salactad so that tha 
results can ba applied to a 1-matar-class telescope. 

2.2 TASKS 

The contractor shall perform tha following: 

2.2.1 Define an optical system that will mat tha parformauca 
raqtiiraBants of tha Shuttle Infrared Telescope Facility (SIRTF) 
contained in specification 2-27981 attached. Deviations from 
specified mirror requirements shall be' pei^sslble to take 
advantage of fused silica capabilities. Derive an overall 
system optical tolerance budget intended to achieve diffraction- 
limited performance at 2^m wavelength at lOK temperature, and 
assign the tightest tolerances that are feasible, within current 
proven technology, to the primary airror. Convert this require- 
ment to an rms surface figure error requlrmsent for the mirror. 
The optical design and the tradeoffs that support its selection 
shall be reviewed with ABC at or prior to design review. 

2.2.2 Show analytically that the selected Itek-Heraeus IR&D airror 
can be used to evaluate the capability of a fused silica mirror 
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for uoo as a SXSTF-aisa prioMacy mirror, baaad on tha tolaranea 
budgat from Task 1. 

2.2.3 Daalga aoimca ai^ boat axobanga provlatona (uaing eonductiva 
and radlaclva coolin.e^ for tba taat mirror. Xha noisica and 
boat: aaccbanga provlalona aball ba analytically abown to allow 
tba mirror to maat tba figura raqu iram a n ta aaai^ad by Task 1, 
and to ba aealaabla to SIBTF aiza. 

2.2.4 Hodlfy tba taat mirror aa raquirad. Fabrication uf tba 
taat mirror aball uaa provan tacbniquaa ^plicabla to SXB!TF. 

2.2.5 Fabricata tba mounta and baat axchanga provlalona daalgnad 
in Taak 3. 

2.2.6 Aaa«abla tba mirror and aounta onto an aluminua taat flxtura 
rapraaantativa of tba talaacopa, and aaka intarfarograaa at 

a aultabla wavalangtb to aacartain that at room t^aratura 
tba aurfaca figura arror witb optical aad.a horizontal la 0.04am 
raa (aqulvalant to diffraction limit at Zym ) . 

2.2.7 Uaing tba aama taat fuctura and a compaxabla taat aatup tba 
mirror aball ba coolad at 30K or balow, and intarfarograma aball 
ba mada. Tba mirror will ba coolad aa much balow 30K aa la 
raaaonably achlavabla, with a goal of 20K. Data taking will 
atart at aa low a tamparatura balow 30K aa la raaaonably achlavabla 
for aacb data taking aaquanca i.a. atart to adjuat focua and taka 
intarfarograma at or balow 3 OK. (Each data taking aaquanca of 
focus adjuat and intarfarogram taking la astimatad to raqulra 

5 to 6 minutas.) Tba figura changaa dua to cooling will ba 
determinad by comparing tba rasulting intarfarograma with tba 
room tamparatura intarfarograma. Tba cycla from room tamparatura 
to 30K or lass will ba rapaatad onca. Mirror tamparatura uniformity 
aball ba astimatad from smoothad tamparatura- tima data at a faw 
minor locations. 

2.2.8 Compara tba analytical and taat rasults for pradletabillty 

of mirror parformanea. Daacrlba any additional figuring nacasaary 
to achlava tba raquirad figura at low tamparatura. 
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2.3 Mwmms 

Tvo addlcioii* to tho ttotiaweit of notfc, ^th roprooMtii^ 
•OM toerMoo la tho oe^ of tlio w^k iiwro i^aod. 

2.3.1 Mnm^mat of Fobrtuury 1982 

Qpfgrado tlio low tooiporaturo thioaonotry on tho fusod 
■llioo Bltror and coolii^ liak to tha aM^iaaleal eoolar by uaa 
of ailleon dioda aanaora. 

9arlfy propar oparatlon of tha aachanleal eoolar with tha 
laprovad tharaoaatara in aa offllna taat prior to tnltiatloa of 
tha Blrror taat aaquaoeaa. 

2.3.2 it&atadaant of Hay 1983 

Tha eoDtract^ la diraetad to aaka and analyaa a raal-tlaa, 
▼Idao raeord of taat intarfaroaMtry. A continuoua aaaauraaant 
In raal tina of tha optical propartlaa of tha Itak/Haraans 
fttsad alllea taat mirror at eryogwiic tamparatura la naadad to 
avaluata. In at laaat ona eaaa, tha tramalant In optical par- 
formcMia muter tha th«cnal load cbndltlofw axlating in thla 
taat. 


3. mssosPB yimmm mm Btsxm Am test accuract 


Our toI«raiic« of m noaiaal O.SSa tporturo, f/24 

C*jsogrAin coloaeopo wlch a cont:ral obstructloii of 402 llnoar 
oboeuratlon. cotter with soao rooulta of our ttudy of tho Toal 
Bi^y tolooeopo tyatoBi thoo uodor offiKtruotion, voro uood to emi- 
•truct tho vovofront orror bud^t thoim in Figuro 3-1. This bud^t 
oitablishM, on o botton-up bools, our boot curront ostiaoto of 
tho orroro ontlcipotod in o fuood ollleo SXRTF toloooopo toloranc^ 
for dlffroctlmi-lialtod porforoonco ot 2pa. For tho priaory ainm 
uo hovo ooaputod on orror for o toaporoturo oook froa rooa toaporoturo 
to 10*K. Tho voluo otoan oostaas no cold null figuring ond is bOMd 
on o seolix^ of provlouo cold toot rooults for o 72-ln. ULE airror. 
Ifoto oloo thot if tho airror hoo o front-to-boek oxponoion cooffieiont 
voriotion thoro will bo o focus chongo whon oubjoetod to tho toaporo- 
turo offset froa rooa toaporoturo to 10 K * FOr o 10‘*/R 
diffor«itlol oxponoion wo would oxporimeo up to 0.2-in. of dofocus 
in tho iaogo plono. This is of no conooqumco to toloscopo oporotion 
sinco o aoan focol position would bo ostoblishod oxporlBontolly. 
Voriotions about tho aoon toaporoturo oro oecoaaodotod in tho "diffor- 
ontiol soak" ‘fora. 

Axial /radial gradient and mount errors coming froa difforoncos 
in expansion botwson the aount ond the airror substrata (or diffar- 
antiol ttcpansion coefficient affects within the aount proper) wore 
established based on the Teal Buby analysis. 

The axial gradient value of 0.08 wave represents approxiaately 
I/8*C allowable axial gradient on the priaory airror. 

Secondary airror errors have been sot at one-third those of 
the primary based on Teal Ruby experience. 

Error sources on the ref loetod t aaa frena tho bean splitter 
have been established as equivalent to those of tho secondary airror 
for first -cut budget purposes. The effects on t^o refracting coa- 
ponent are lUcoly to be more severe, but have not boon addressed 
hero. 
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Tlw eh«ra«l •rror tewm **Bljrror tcmeciura alnMteh 

and diffarantlnl aoak” rapraaanta cha dagraa of athozaallMtion of 
tha calaae^a at ita oparatlonal oryoganie ta^aratura. Thus 
alttioiii^ ^ talaaoopa it foeuaad for oparation at 10 K * avinga 
around 10*K eouplad with any dlffarantial azpanalon batwaan tba 
Birror and tha atruetura will raault in dafoeua and othar wavafront 
arrora. In thia arror aourea wa hawa alao IneluM tha affaets of 
tha front- to*lMek axp«ision eoafficiant wariationa within tha airror 
atrueturaa aa caac a da d with an aatiaatad ± SK taaparatura variation 
aa wall aa tha ninor affaeta of radiua ohangM dua to uniform as^anaion 
within tha ^rror auhatrataa. 

Whan ona totala all of tha arror aoureaa aaaoeiatad with tha 
primary mirror, wa find an rma wavafront error total of about 0.13X 
(to 0.15X, aa a function of gravity daformation) . Thita, for our 
daaonstration mirror wa plannad to dataet ehangaa of 0.05 to 0.07 
wava of tharmo-optieally Induced inhomegamaicy arror from room 
tMparatura to lOK out of arror totala of 0.15X rma WFE. Taat 
aecuraeiaa of 0.01 to 0.02X rm wara axpaetad. 
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4. TB8T AMUH(»I81IT 


A crleleal undarttandlng of tho proboblo porforaoiieo of fuaod 
•lllca at tho SIBTF priaaxy mirror matorlal was dotorminod to roqulra 
optical aurfaca evaluation of a mirror that lai 

1. Hodarataly llghtwal^t 

2. Rapraaantatlva of currant fabrlcat^icn tachnology 

3. Hot far different in acala from the axpactad 8HTF aperture, 
which may approach la. 

4. Supported in a structure that aiaailatea an aluminum telescope i 
.structure. 

5. Tested at a tamperatura of 30 K or colder. 

Itek Optical Systos had already undertaken a joint nilD effort 
with Heraeus-AmsrsU for construction of a 26-in. dlaaster mirror 
for evaluation of the coabinatloc. of Itek's numerically controlled 
machining of fused silica and the Heraeus-Aaersll expertise in arc 
fusion of silica. In addition, Itak determined that an existing 
thermal-optical vacuum test chamber, having a liquid nitrogen shroud 
and a Cryo-Torr Hodel 20 cryo pump, could be modified for lower- 
temperature qperatlon and would accommodate the 26-in. mirror. This 
test chamber has a high-quality MC-7 observation window with a 34-in. 
diameter clear aperture. With the cooperation of Haraeus-Amarsll , 
and the agremsKit of Itak managemKit that the chai^r modification 
raprassntad a prudent capital investment for future needs, we were 
able to structure the total evaluation effort. 

The design and construction of an additional, heliuD cryostat- 
cooled, tlwrmal shroud for the test chatter presented some practical 
problems in fitting it and the mirror mounting details between the 
26.5-in. major mirror ^ametar and the 35-in. inner diameter of t^ 
existing liquid nitrogen-cooled shroud. At the same tlisa, wo had to 
minimise parasitic heat leaks to the shroud and mirror and ensure 
good thermal contact between all parts of the shroud and to the mirror. 
The achievement of practical cool down times, and the reduction of 
thermal gradients when stable test conditions were desired, necessitated 
careful analysis of all the thermal boundary conditions expected. 
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For oxaaplo, im fotnd choc eho wont erltlcAi boundoxy condition for 
tho optical testa was not direct radiation froa tbe irindov to t^«e 
airror» but radiation to the inner surface of the shroud then conduction 
through the shroud and mirror thermal conuuctors to the rear siirfaee 
of the mirror. Subsequent consideration also indicates that the energy 
reflected to the open annulus left bettre^ mirror and shroud, then 
absorbed at thr uneoated side and rear surfaces of the mirror is sn 
additional perturbation. Multiple reflections in the mirror-window 
optical cavity also contribute to this transfer path. 

Conductive connections to the sdrror ere needed because radiative 
cooling of the mirror mass to temperatures imieh below lOOK leads 
to impractically long cooling times. At 30K, black body radiation 
to a OK sink requires 15 hours to reduce the temperature of a Icm 
thickness of fused silica by IK. 

A final critical item in the test arrangement was the detailed 
design of the mechanical connections between the mirror and the 
altasintB auxiliary shroud used to simulate the ultimate SIRIF telescope 
structure. Here we copied fr<mi the tax^ential flttcure leaf, flexural 
pivot conneetiMi used in our Teal Ruby telescope but uding aluminia 
throughout in place of We fortunately included a breadboard 

test of this substitution* Modification and retesting, as detailed 
in Appendix 2, imlicstes that the coidbination of an Invai pivot end 
an altssinum leaf, plus the su of a pol]rirethane a^esimi formulated 
for erogenic use, provide a satisfactory solution. Design details 
for the oeprational systn r«uin to be optimised by further testing, 
hoiMver. 

Our experistental approach is sumsarized in Table 4-1, end a 
schematic of the test arrangement is shown in Figure 4-1. 
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Tabl« 4-1 

SIRTF Optics Dswlopmant Exp«rlm«ntal Approach 


Test Facility 

- Hodify existing thexBal-vscuuD test chandler to provide 
secondary shrotid cooled to 10 to 20 K 34-in. diameter 
window aperture available. 

Optical Test Configuration 

- Finish mirror to smooth sphere of 17S-in. radius, test 

at center of curvature with laser unequal path interferometer 
(LUFI). Concurrently test window by observing interference 
between front and rear surface reflections of a collimated 
beam. 

Mirror Mount 

♦ 

- Tangent flexures designed to introduce less than 0.02-X 
wavefront error on cooling of aluminum fixt\ire and silica 
mirror 

Mirror Cooling 

- Copper braid. Invar buttons soldered to vacuum- evaporated 
chromiiffli-nickel film on mirror backplate 

- Liquid nitrogen, then helixim-cryostat cooling of copper 
heat sink plate behind mirror. 
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As the mechanical design developed, and estimates of the 
dimensions and mass of various parts could be made, a thermal 
mathematical model, including the variations with temperature of 
the conductivity and specific heat of the components, was assembled. 
System cooling was programmed as a two-stage operation. In the 
first stage, liquid nitrogen would be supplied to the outer shroud 
and the rear plate of the inner shroud. In the second stage, as 
the system approached 80 K , the rear plate would be purged while 
maintaining the liquid nitrogen supply to the outer shroud, and 
the cryostat would be put into operation. Component dimensions and 
masses were updated on completion of the manufacturing drawings, and 
the analyses rerun. 

Results of the thermal analyses are included in Appendix A. 

The breadboard design verification tests undertaken to prove out 
the mount design, mirror thermal conductor design, other thermo- 
mechanical aspects and cryostat operation are described in Appendix B. 

Details and comments on the temperature instrumentation are 
included in Appendix C. 
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5. RESULTS - FIRST COLD CYCLE 


Liquid nitrogen first stage cooling was begun at 10:45AM on 
March 2, 1983. After 22 hours of operation, the Inner shroud <»nd 
mirror had reached near steady state temperatures of 89 and 93K. 
respectively, and cryostat cooling was started at 9:30AM on March 
3, 1983. 

Representative Interferograms of the mirror plus window (one 
fringe - 1/2 wave surface displacement) and of the window alone 
(one fringe • 1/2 (n-l) n ^ 1/6 wave equivalent mirror surface dls- 
places»nt } at room temperature* and with the mirror at approximately 
13 K are shown In Figure 5-1 (a-d). Temperatiires Indicated by the 
foiir silicon diodes on the mirror surfaces appear In Figure 5-2. 

The most striking feature of these Interferometric data, visible 
In Figure 5-lc and shown In more detail by the contour plots generated 
by digital data reduction. Is the localized Irregularity evident 
all around the outer area of the mirror. Figure 5-3, a surface 
contour map with O.I wave (633nm) contour Intervals (heavy lines 
representing hills) Illustrates these feattires. The hills correlate 
precisely with the hexagonal-celled structure of the mirror core. 
Further details of the reduced data are presented in Appendix D. 

The silicon diode data show that the mirror temperature, at 
the rear surface and mld-polnt of the circumference. Is rising quite 
rapidly - up to 0.6 kelvlns per minute. Our curiosity eventually led 
us to examine the difference in two Interferograms taken at 17:19:40 
and 17:21:08, i.e. separated by one minute, 28 seconds in time on 
March 4, 1983. The contour plot resulting from this subtraction is 
shown in Figure 5-4. Here the contour Interval Is 0.25 waves (633nm) ; 
the data show that some of the hills rise, while others recede. The 
rms change In the surface Is also striking, showing that the change 
occurring In little more than a minute approaches the magnitude we 
might have Interpreted as the change Incurred by the temperature 

*As shown In Table D-1, Appendix D, the room temperature figure of 
the mirror, as mounted In the test chamber and under vacuum, was 
O.lOpm rms, compared to a desired value (para. 2*2.6 above) of 0.04ym 
rms. This "baseline error" is still readily subtracted, however. 
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excursion alone. (Although the magnitude and character of the room 
temperature to cold differencing were markedly different from our 
expectations.) Further discussion Is deferred to Section 8 below. 
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Figure 5-4 



6. RESULTS - SECOND COLD CYCLE 


Much of April was spent in reviewing the data collected in cur 
first cold test sequence and discussing possible changes in test 
procedure which could improve our understanding of the thermal boundary 
conditions of the test. As a result, a contract amendment directing 
us to "make and analyze a real-time, video record or test interferomef^ v' 
was issued. 

The second cold test sequence was initiated on 16 May. Cooling 
proceeded at a somewhat slower rate than in the first test (approxinatc] y 
8 hours longer to reach a mirror temperature of 15 K ) , and at 8:50AM 
on 19 May we first attempted to obtain a rapid sequence of Polaroid 
photographs of the interference pattern without adjusting the inter- 
feroraeter between exposures. Only the first of these proved useful, 
the returning wavefront from the mirror apparently moving out oi 
register with the reference wavefront in the interferometer. T.tis 
one photo, however, was substantially identical appearance to those 
of the first test sequence, and we then rearranged the test set-up 
for video recording of the interferometer pattern. 

Some preliminary adjustments of the system were recorded at 
10:39 and 11:15AM. After further allowance for thermal stabilization 
additional recording was done at 2:16 and A :05PM. We attempted to 
preset the interferometer and video camera at focus through small 
holes in the thermal doors, but vibrations and drift during door 
operation required interferometer readjustments and prevented 
immediate recording of a fringe pattern as the doors were opened. 

It was noted that the structure-correlated irregularities in 
the mirror surface, previously confined to the out«r area, now 
appeared over the entire surface In the final two tect sequences. 

We judged that some individual frames of the video record ,;ould be 
suitable for data reduction, in spite of significant >/ibration and 
wander of the fringe pattern, and passive warming of the ‘ystem was 
started . 

Post-test attempts to obtain single frame prints from the video 
tape have not yielded interferograns well-suited to digital data 
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reduction, even though digital image processing was tried for removal 
of a quite noisy background from scatter and reflections in the video 
camera lens. Figure 6-1, a best focus, zero wedge fringe pattern 
captured during the 2:16PM test, provides the best available subjective 
picture of the mirror deflection (one fringe ■ 316nm surface deflection) . 

The thermal doors and "window shade" remained closed over night. 

At 9:01AM on May 20, a condensation pattern over part of the mirror 
was found, and an interferogram of the clear areas was recorded. At 
the time, the mirror temperature was about 160*K, and* the thermal doors 
and "window shade" were left open to accelerate warming. Later (5:27PM) 
observation revealed condensation over the entire mirror, producing 
the scattering pattern shown in Figure 6-2. The scattering is more 
pronounced at the rib locations , indicating that these areas are colder 
than Che face plate areas over the open cells of the mirror. 

A final interferogram was made on 23 May, with the systems still 
under vacuum, but stabilized at room temperature (as indicated by 
thermocouple records) . 

Appendix E is a data STjmmary for this second cold cycle. Fringe 
reduction data and cont-nr plots for the interfere grams of 8:56:05 on 
5/19 and of 5/23/83 are included there, together with the temperature 
time histories of all data sequences of 5/19/83. 
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7. RESULTS - POST-TEST INSPECTION 


We removed end inspected the mlrror-flexure-eluminum ring assembly 
A number of failures of the thermal conductor connections, indicating 
that the current design details of the soldering of Invar buttons to 
evaporated chrome-nickel-gold spots on the mirror may be marginal for 
the ultimate flight system. We had previously repaired some failures 
of these connections in initial assembly by direct ultrasonic soldering 
to the glass using an indium-tin eutectic. A total of 34 connections 
(out of 120) were thus repaired, 16 of these were noted as failed on 
disassembly, and an additional 4 came loose under light finger pressure 
Of the 86 connections made to the evaporated spots, 2 were pulled off 
during disassembly, 12 were noted as having failed, and of the latter, 

2 failures were fractures in the glass, not the Joint. We have thus 
not demonstrated a complete solution to the thermal conductors needed 
for SIRTF, and further breadboard testing, possibly including combined 
low tenperature and vibration testing, appears recommended. 

Visual inspection of the flexure noounts has shown no evidence of 
any damage or malfunction. 
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8. DISCUSSION AND CONCLUSIONS 


As noted in Section 5 above » dlscuealona following our design 
review had anticipated soae pertinrbatlon of the mirror by the heat 
flux from the window, via the shroud and conductive paths to the rear 
surface of the mirror. On the basis of the more localised surface 
deflections seen on sost of our interf erograms , we believe that direct 
and multiply reflected radiative transfer from the window to the 
edge and rear surface of the mirror is also a significant factor. 

Some exploratory calculations show that this mechanism Is platisible, 
but since our temperature data are limited, we have not been able to 
provide a detailed analysis of the mechanism causing the localized 
deflections. 

The first observations supporting our speculations on the 
thermal boundary conditions at the mirror surface result from a 
differencing of successive interferograms taken while the thermal 
doors on the Inner shroud remained open (FRED Summary Sheet Serial 058, 
Appendix B). These show that the mirfbr surface changes, over a period 
of one minute, were nearly eqtial to the differences between the first 
interferogram taken and the surface contour at room temperature. 
Temperatures indicated by the silicon diodes attached to the mirror, 
in the same time period, were changing at rates as high as 0.6 kelvlns/ 
minute. In spite of our provision of small holes In the doors to 
permit pre- focusing of the interferometer prior to door opening, we 
found that It required 60 to 90 seconds after full opening of the 
doors to adjust the Interferometer and record the first fringe photo- 
graph. With some further consideration of the possible time scales 
of mirror response, this led us to the attempts, during our second 
test cycle, to obtain fringe data on video record as the doors were 
opened. Again, in spite of prefocusing, the mlniimim delay achieved 
between door opening and an even marginally readable fringe pattern 
was approximately 30 seconds. 

To estimate the time required for at least localized thermal 
deflection equilibrliim (not necessarily temperature equilibrium or 
even quasi-steady state) we examined the use of a thin slab, heated 
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from one side. The tenpereture for this one dlmensionel case is 
given by*; 


" 7 “- 

^ I TP^ 



- temperature, K 
/j • heat flux at x*l, W/m* 

■ slab thickness, m 
^ • thermal conductivity, W/m-K 
)C " thermal diffusivity, m*/sec 
i * time 


The curvature, V , Induced by this temperature distribution may 
be calculated from^: 



4///^ 





j:;rX. - H 

XiXi "Xt. 



-j? 


f ur) 




* Carslaw, H.S. and J.C. Jaeger, '/Conduction of Heat in Solids , 2nd 
Edition , Clarendon Press , Article 3.8, para (i) , Eq. 3. The solution 
is strictly valid, of course, only for constant k and)(. 


t APPLIED OPTICS, 5, 5, 701 (May 1966) 
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Ut 8«« that A8 tliM ineraaiaf, tha taoparature approachaa a 
quasl-staady atata, parabolic In x, and uniformly incraaaing in tima, 
whila cha curvatura approachaa a conatanc valua mora rapidly bacauaa 
of tha <2a-l) compared to (n) auomation. 

For a 5mm alab (tha mirror faceplate thieknaaa) of fuaad 
ailica at 13 Kalvina (ic«6«63 10**) and t*I aacond, tha atamBad tarma 
yield tha value 0.072. That ia» 93Z of tha aaymptotic value of tha 
deflection of a Sma aaction will occur within one aacond. For tha 
full thieknaaa of tha mirror (0.1m ) , the (1-1/a) reaponaa time ia only 
2 1/2 minutaa. 

With raapact to potential radiative tranafar from tha window 
(at 300K) to tha unalumlnlgad, az^ therefore quite black at lOum. 
aidea and rear aurfacaa of tha mirror a nuB^ar of patha are available. 

We had coated the inner window aurfaca with a five -layer metal dielectric 
coating giving the following measured reflectances: 


Sim 

0.94 

9vm 

0.93 

11pm 

0.92* 

12.5pm 

0.905 

15 pm 

0.88 

20pm 

0.92 

30pm 

0.87 

40pm 

0.82 


Integrating this times the black-body curve for 300 Kelvina yields an 
effective emiasivity of 0.094. The total radiation from a 34-in. window 
aperture ia then calculated to be 25 watts. About 1/4 of this will 
pass directly through the thermal door opening, and some smaller 
fraction goes directly, to the approximately 2- in. annular opening 
between the edge of the mirror and the aluminum motmting ring. A num- 
ber of multiple reflection paths also exist, however. Reflections 
between the outer MLI covering of the internal shroud and the window, 
and grazing incidence reflections from the inner surface of the ahroiid 
may contribute significantly. A nidimentary ray tracing shows 
that multiple reflections between the teat mirror and window will also 
direct much additional energy Just outside the mirror edge. With window 
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and mirror raflectancaa of 0.9 and 0.98 raapactlvaly , those rays 
required to make 5 round trips still retain more than 1/2 their 
original energy density. 
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A direct obt«rvation of not boat fluxos Co ch« oirroc la providod 
by cha a 11 icon dloda daca, a Inca cha haac eondtteclon aquation may ba 
wrltcan aa: 

div , - iifEi 

whan q la Cha nac haaC flux Co an alaaancal voluma and pCT la cha 
anchalpy par unit voluma. Ona ahould quaaclon whachar cha haac 
capacity of cha dloda icaalf or cha nacarlal Co which la la actachad 
ahould ba uaad hara. Wa hava caelcly aaaumad, chat ovar our aai^)Ilng 
tlmaa cha dloda canparacura rapraaanca a atibacraca volxaaa with a largar 
haac capacity chan lea own, and hava chjM uaad cha pC proparcy of 
fuaad alllca for Cha mirror dlodaa» and of aliaalnum for Cha ona actachad 
Co Cha ahroud Cuba. Tha raaulca of Chaaa calculaclona of (pCT)/at ara 
praaanCad in Tabla 8«1. Wa wara IlmlCad Co four automatic recording 
channala for Cha dloda data. In order Co obtain aoma data on Cha 
shroud behavior, wa awlcchad ona channal, after Cha flraC obaarvaclon 
made on Kay 19 , from Cha mirror rear center Co Cha dloda motmCad on 
cha Inalda of cha ahroud Cuba, near Cha mirror mount ring. Since tha 
cemparaturaa , and overall heat fits Idvala varied, wa alao show Cha 
Indicated haaC flux, valuaa relative Co cha rear 6 o'clock mirror 
poalclon in paranchasaa. 

Wa make three obaarvaClona from Cha relative flux data of 
Table 8-1: 

a) tha fliix Co Che mirror canter la lower Chan to cha edge, 
conalatenC with laaa efficient paths for both radiative and 
conductive transfer from Che window. 

b) with ona exception, tha relative flux at 9 o'clock became 
smaller follwolng completion of the first observation 
sequence - this perhaps corralacas with cha subsequently 
discovered higher Incidence of thermal conductor falltsrea 
In cha 9 o'clock area of Cha mirror. 

c) a larger heat pulse occurred during Cha observation at 11:12AM 
on May 19 (Intended for video checkout, rather chan sariotxa 
Incerf aromatry) . Tha causa has not bean asCabllshad, but cha 
higher relative flux values at the mirror edge and side, and 
lower value for the tube (v apared to later runs) suggest 
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o 


that tha radiation tranafar waa incraaaad in thia eaaa 


Am a final firat ordar quantitativa aatlnata, if aa aaauoa that 
a valua of a(pCT)/3t of 600 J/n*-a raaulta froa flux to ona aida 
only of a Saai alab» and that tha quaai-ataady parabolic gradiant baa 
baan aatabliahad, than «a hava 



Tha cxirvatura induead iat 

and ovar tha 3.25 inch (82. 6«) diaoMtar of tha ealla of tha mirror 
eora. a total daflaction of 5.3 il0*'*)n (0.008 mavaa at 633nm) mould 
ba producad. Thia ia rou^ly tmo ordara of nagnituda balom tha obaarvad 
intracallular daflactiona. Part of tha diacrapan^ nay lia In tha diode 
Q locationa, which ara eloaar to tha adga ring than to tha cantar of tha 
calla. Wa do not faal, howavar, that ma hava davalopad a full undar- 
standing of tha machaniaaw causing tha obaarvad daflactiona. Wa 
ratain, howavar, a strong conviction that thay ara not causad by 
inhoBOganaitias of matarial propartias, poor fusion, or othar mirror 
blank ioqparf actions . 

Although our tast raaulta hava ravaalad soma short comings in 
pracisa control of tharmal flux boundary conditions, and a aomawhat 
unaxpactad apaad of rasponsa of tha tharmal banding of tha mirror, 
wa hava shown that our condtictor and laount daaigna ara at laast 
marginally aecaptabla for oparational uaa. Tha raaulta may, in fact, 
ba praf arable to eomplata, unequivocal succaaa, alnca wa would than 
hava no Infonaation about tha possible level, of ovar-dasign. present. 


O 
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9. RECOMNDATXONS 


Two of tnglnoorlng dovolopmont fuggost Chomtolvot 

loniodlAtoIy. Tho conductor fallurot roconBucnd « study of design 
modif Icetlons , such «s the use of the flexible polyurethene (used 
in the mounts) es e bonding egent - e metallic bond is not reelly 
necessary. Breadboard testing of such modifications should include 
concurrent exposure to low temperature and vibration environments. 
Secondly, our results cannot separate mirror deflections caused 
directly by the thermal environiMnt from those which may be trans- 
mitted through the mounting flexures. Thus a series of tests of the 
mirror deflection response to controlled deflections of the mount ring 
would provide a needed better knowledge of mounting effects. 


37 


o 


APPBMDXX 4 

TB8T STSTSf IHBSIfAL AlUyLTSBS 


O 


o 

38 


I 


Th« flyitCB th«riMl nodal is ahown in Flgur# A-1, and tha chamal 
inalytia raaulca for eha cwo-scaga cooldown ara ahown in Flgura A-2. 
In cha aacond acaga (eryoatac coolad) tha ahroud tuba and thamal 
door canparaturaa ara quita cloaa to that of cha prlnary nirror. 

W€ aacinatad that Cha total tina raqulrad for cooling fron 293 to 
20R would ba 24 hotira.* Tha alananta of a ataady-atata cryoatat 
load at 20R of 1.332 W ara ahown in Tabla A-1. Tha daaign 
capacity of Cha cryoatat at 20 K- ia 9 to 12 Wi chua wa baliava 
ovarall thamal daaign waa conaarvativa , and tha 20 K goal ahould 
ba achiavabla. 


*Actual Caat oparationa raquirad SO to 60 houra to bring tha 
mirror tan^aratura balow 20 Ralvina. 
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Figure A-1 

Taat Configuration Syatam Thamal Modal 
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Second stage cooling 


Figtire A- 2 

Thermal Analysis Results for Two-stage Cooldown 



Heat Transfer 

Heat Load 

Source 

Mode 

watts 


HLI 

Radiation 

Tripod supports (9) 

Conduction 

LNi tubing (2) 

Conduction 

Aperture (closed) 


Shutter surface 

Radiation 

Shutter edges/gap 
Shutter holes 

Radiation 

(four 2-ln. diameter) 

Radiation 

Shutter motor drive . 'aft 

Conduction 

Thermal Instrumentation 

Conduction 

Total he-: -load at 20°IC, 
Steady-state condition 

watts 


Table A-1 

Steady- State Heat Load on Cryostat at TLSI Temperature 









During the eerly design review conducted at the NASA Ames 
Research Center » a question was raised whether the estiisates of the 
focal shift of the fused silica mirror upon opening of the thermal 
door had adequately accounted for all of the potential heat flux 
paths. The radiative flux, from the chaniber window to the cryostat- 
cooled shroud, which Is then conducted to the rear of the mirror, was 
Identified as a perturbation that had not been sufficiently analyzed. 
Actually, two major changes In the thermal boundary conditions 
necessarily occtar when optical observation Is begun — the thermal door 
Is opened, exposing the approximately BOOK window to the mirror and 
the Interior of the shroud and, at the same time, the cryostat Is 
shut down to eliminate Its vibration Input. 

These boundary conditions were applied to the system thermal model, 
and all of the parasitic heat leaks we have Identified were also 
included. For an initial uniform tenperature of 25 K , the temperature 
histories for nodes 1 to 4— mirror, bezel, copper plate for mirror 
conductive attachments, and shroud — are shown in Figure A-3. The 
results of this run also indicate that the heat flux through the flexures 
to the mirror is (at a q\iasl-steady state) 0.032 W, compared to a 
flux of 1.4 W via the conductive connection to the rear face of the 
mirror . 


Figure A-3 
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Temperature Histores - Thermal Doors Open, Cryostat Off 
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This latter c<»iductive £lux» and the previously modeled direct 
radiation £r«B the window to the mirror front surface, were then 
applied as time-varying boundary conditions to the more detailed 
mirror model. The results » presttited in Figure A-4, Indicate that 
an axial temperature gradient develops at a moderate rate but does 
not reach a steady gradient in the analysis time of 1 hour. 



Flgxire A-4 

SIRTF Primarr Mirror Thermal Model 


The principal result of this axial gradient is a change in the 
overall curvature of the iclrror. The change in the nismber of optical 
power fringes observed may be estimated as: 

^ e(node 1) - e(node 8) d^ 

a/2) 8 h 

In the 0 to 40^K range, the thermal strain of fused silica is 
closely represented by: 

e(T) - (46 - 0.01125T*) 10‘» 

combining these relations, we obtain for oxxr 26-ln. aperture, 3.5-in. 
thick test mirror 



The results (Flgtire A>5) shov rbat the optical power change 
induced by the changed boundary conditions is sufficiently small and 
slowly developing that it can be readily removed as part of the data 
reduction process or by some sligV*t refocussing of the interferometer. 
Perturbations from lateral gradients, which would require considerable 
effort to imsdel adequately, were expected to be much smaller than the 
few fringes per hour of this pri.ncipal perturbation. 



Figure A-5 

Interferometer fringe shift with 
thermal shutter open (initial 
temperature 25K) 
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APPENDIX B 


COMPONENT VERIFICATION TESTS 


B.l Flexure Mounting 

An important goal la a demonstration that the mount design 
is suitable for use with a £\ised silica mirror in an aluminum tele* 
scope structure. Our mount design Included a flexure pivot and 
flexure leaf copied from Teal Ruby but sized, in aluminum, to 
accoonodate the differential expansion, radially in the pivot, between 
aluminum and fused silica for the 293 to 20 *K range without subjecting 
either material to excessive stress. To check the design, we included 
testing, by liquid nitrogen immersion, of a breadboard flexure assembly 
prior to final assead>ly of the mirror. 

A first breadboard of a fused silica boss, aluminum flexure 
pivot, and aluminum flexure leaf was assemdiled with PR-1660 poly- 
urethane adhesive.* The fused silica surfaces were left as generated 
by a 150-grlt diamond wheel, since our design was intended to keep 
stresses low. After five cycles of immersion in liquid nitrogen, a 
pair of localized fractures on the silica were found under each of 
the four feet of the flexure pivot, at the pivot-silica bond. This 
result is shown in Figtire B-1 — the fractures are ascribed to the 
lateral shrinkage of the aluminum. Strong, nonconpliant bonding of 
a high- expans ion material directly to fused silica is obviously not 
recomaended. ' 

In the belief that an Invar pivot woxild solve the problem at 
the glass interface and still be compatible with an aluminum flexure 
leaf, we fabricated and assembled this combination using the same 
adhesive. On the fourth immersion cycle an audible fracture occurred 
following about 8 min. of slow immersion , about 20 sec after immersion 
was complete. In addition to a major fracture believed caused by 
radial compression and stress concentration where the boss joins the 
parent material, we fo.und one small fracture having a morphology 
similar to that caused by the aluminum pivot. 

Additional fused silica test items were made up, and the 
metal parts disassembled by an immersion in warm orthodichlorobenzene. 


*Products Research and Chemical Corporation 
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The following changes in Che ass«ibly procedure were Chen made: 

1. The fused silica pares were ecched in hydrofluoric acid 
CO remove approximacely 0.005 in. from Che as-generaced 
surfaces and 

2. A polyurechane adhesive specifically fdrmulaCed for cryo- 
genic use was substicuced (PR-1578— ics elongacion ac 
Censile failure is 7 Co 8Z aC 77 *K). 

The eCching noC only screngchened Che glass, buC also provided 
a larger gap Co be filled by Che more compliant adhesive. Both Che 
aluminum and Invar pivot assemblies were made up slightly decentered 
frcmi the silica boss, so chat adhesive layers of 0.003, 0.006 and 
0.009 in. were present in both asse&d>lies . 

These assemblies were again tested by cycling into liquid 
nitrogen, this time being held in the cold vapor for 1 hour before 
immersion (although we had no evidence that thermal shock had been a 
significant factor in the previous failtires). The aluminum assembly 
again failed, on the first immersion cycle and with similar morphology, 
as before. It does appear, however, that the severity of the fractures 
is less for the thicker adhesive layers. 

The ‘Invar pivot assembly was further tested by imnersion in 
Iiq\xid helixjm, and no evidence of fracture or debonding was observed. 

B.2 Conductive Connectors 

The copper braid conductive connections were proposed as an 
Invar button and braided copper wire soldered to vacuum-coated chromium* 
nickel-gold spots on the rear surface of the mirror. To verify their 
strength and low-temperature s\irvivability , we made xjp a nuniber of 
test specimens consistjLng of 1-3/16 in. -diameter , 1/A-in. -thick discs 
of fused silica obtained from the residual core-drilled pieces of the 
mirror we plan to test. To each we applied a 1/8- in .-diameter spot 
consisting of successive layers of chromium, nickel, and gold by 
vacuum evaporation. An Invar (and in some cases, copper) button, 
previously soldered to the end of a length of braided copper wire, 
was soldered to the coated spot, as shown in Figure B-2. 
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Figure B2 - Thermal Conductor 
Test Specimen 


f 


T 




After some prellalnery trials, tiina spacimans ware prepared 
using different solders for the button- to-glass joint as shown in 
Table B-1. All were dead- load tested with 1 to 1.6kg loads, and 
cycled five tines into liquid nitrogen. One failure occurred in this 
thermal cycling. Specimen nos. 2, 3, 4, 5, and 9 were then tested 
in (.ension using an Instron Universal Testing Haching with results as 
suamarized in Table B-2. 


Table B-1 


Breadboard Conductor Specimens 


SpRCtMn 

Me. 

Coatlni 

latch 

futtsn 

Braih/3utt on 

•utton/Claaa 

Deao Load 
Teat, icR 

NeKarha 

1 

Trial 

ln»ar 

iO Sn/«0 Ph 

60 5n/«0 Pb 

1.06 

Separaieo In feurtn wN; 
Cy; le 

2 

Trial 

Invar 

So Sn/«0 Pp 

62 In/tl Sn 
(Hire) 

1.06 

On*, not *eeir to wet a? 
well at fO/NO 

1 

No. * 

Irvar 

60/ NO 

60/*0 

1.219 


b 

No. t 

Invar 

63, 'NO 

100 In 
{ orean) 

1.663 


s 

No. 1 

Invar 

60/NO 

80 In/i*Pb/ 

6 (ereaa) 

1.663 


6 

No. 2 

Copper 

6D/N0 

60/tiO 

1.663 

B'jt'oo off -rent." <■ ' 
onatlnp. Srnkr, i .i'.t-i 
out 

7 

No. 1 

Invar 

£0/N<' 

S2 :n/N8 *n 

See remark a 

Tried tlr.'lnf 
dlrectiv. P'.lled .nrr ow 
*-and. Rei*. tamed tt 
coatsd epnt, held *.663 ke. 

8 

No. 1 

Copper 

60/«0 

60/«0 

1.663 


9 

No. 1 

Copper 

63/ac 

’00 In 
(creaM) 

1.663 

All •»c"ri ai* cy.-!led 
9* in LN;. 







No. 1 r.lled on fc.irf 
•yrje. tli ■tnerf 
r.rvived witr-',.t .'p.*.-'’ 
■*tria» .':d “cn . t . i , 

* ar.s 5 we’-e tea'.ed to 
dettrgetler nv tendon ;n 
hrelS. 


'WfflNAt. 

POOR 


PAoem 

Quality 
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Table B-2 

laecron Test Results 
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T*at Ha. 

Taaalon Laa2 
2aaaliatf. IM 

fallttfa Mooa 

» 

1 


■raak at aano araa 


t 1 

20.0 

Ha kraak 


2 

27.0 

■raak iti oraitf at 
|PtM 

3 

1 

J1.5 

■a kraak 


« 

31. J 

■raak In araid at 
trtM 


5 

J1.ll 

■rtak Mittiltt giaaa 


} 

20.0 

■raak In braid trlrw 
but tan 

5 

1 

20.* 

•raak at band arts 


1 

22-? 

■raak a? ‘■sr.S a'.s 


O 


The higher strength of the 60/40 solder joints, the feet that 
even copper buttons so soldered survived Isnerslon in liquid nltrogm, 
and the somewhat better wettability as eooipared to the Indium solders 
suggest that this most, commor. electronic grade solder may be used 
throughout conductive connections of this size. We speculate, however ^ 
that connection of largei elements of hlgh-expanslon materials might 
fall, since the 60/40 solder becomes embrittled at about 180*K. 



B-3 Cryostat-lolnt Conductance Test 

An off-line test of a mockup of the cryostat conductor 
connections was added to the contractually required tasks early in 1982. 
Three purposes were served by this testt 


1. Verification tfiat the joint design would give good thermal 
conductance drjwa, to 10 *K 

2. Verification of cooling cpaaclty of the cryostat we planned 


to use. 
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3. DAvtlopBAdt of oxporltnct with tlllcon dlodo tonporotur* 
•ORtora and thalr conparlaon with thamocoupla and platinum 
raalatanca tharaoaatar maasuramant . 

Tha ataamblad noekup la ahown In Flgura B-3. 

Tbla aaaambly waa ancloaad In an aluminum covar, wrappad 
with aavaral layara of auparlnaulatlon , and aountad via tha eryoatat 
external flange to one of ltak*a larger vacuum coating chamber a. 
Conductlvaly coated mylar haatara provided an adjuatabla tharmal 
load. All teat jolnta ware made up (aa daalgnad) with 0.005- In. -thick 
pure tin waahara In tha Joint and Ballavllla waahara under tha nuta. 
The aaaan^ly wae Joined to the eryoatat through an Indium waahar. 

Three of tha four teat Jolnta exhibited conductancaa of 
1 W/cm -K or oiora at 10 to 30 R. Data for tha fourth Joint appeared 
anomaloua aa the teat waa run. On dlaaaaambly , wa found that a steal 
waahar had bean omitted, making tha contact area of thla Joint much 
smaller than planned. 
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APPENDIX C 


TEMPERATURE INSTRUMENTATION 


Th< C«aq;»«r«tur« sensors used consisted of nine silicon diodes 
(Leke Shore Cryogenics Model D500-Cu) and 37 Type E chronel-aluBel 
themocouples . Of the diodes, five were nanufacturer calibrated 
and supplied by NASA Asms, together with two five channel constant 
current power supplies. An additional calibrated diode was not used 
because it gave erratic readings in our off-line cryostat tests. 

The renaining four diodes were uncalibrated diodes referenced to the 
calibration of diode D 3880 using the data from the off-line cryostat- 
joint conductance test. 

The therwocouples were attached to a data- logger with direct 
readout in Celsius or Fahrenheit degrees, with all channela recorded 
autOBatically. The diodes were epnneeted to a 4-channel printing volt- 
water reading to 0.1 nillivolt. Manual switching was used to record 
those diode signals not being read autoaatically. During the first 
test runs the four diodes on the mirror were read automatically. 

After the first test of the second sequence, the diode attached to . 
the shroud tube was read in place of that on the center of the mirror 
rear surface. Diode and thermocoiq>le locations are listed in Table C-1. 

The thermocouples develop substantial systematic errors at 
temperatures below 50 Kelvins because of the low e.m.f. being generated 
They were thus used primarily to track the first stage (LN 2 ) cool down 
and will not be reported in detail here. 

Plots of the temperature-tioie behavior at selected points , and 
a discussion of their significance are included in the body of this 
report . 


TABLE C-1 


Silicon 
# 

1 

2 

3 

4 

5 

6 

7 

8 
9 


32 
31 

33 
36 

34 

35 


1 

2 

3 

4 

5 

6 

7 

8 
9 


SIRTF ThertMil Sensors 


Diodes Sensor 
# Location ; 

D4866 Mirror, Center, Backplate 

D4948 , Bottom, Backplate, 6 o'clock 

D4781 , Left, Backplate, 9 o'clock 

D3880 , Periphery, Right, 3 o'clock 

D4780 Bezel, Inside, Right, 3 o'clock 

Z6312 Cu Conductor Plate, Edge, Right, 3 o'clock 

Z6306 Tube, Inside, Rear, Right, 3 o'clock 

Z6307 Braid, Block at Bezel 

Z6311 Cryostat, Cold Stage Flange 


Thermocouples (3 Mil, Type E) 

Adjacent to Diode #1 

#2 

#3 

#4 

Window, Inside Surface, at ^ 

, 9%" from^ at 6 o'clock 


Thermocouples (30 Gauge. Type E) 

Cu Conductor Plate, Center 

, Right 
, Left 

LN2 Plate , Center 
, Right 
, Left 

Tube, Inside, Centered, Right 

, Left 

, Forward, Right 
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TABLE C-1 (cont'd) 
iniemocouples (30 Gauge, Type E) 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 
37 


l>oor AnnuIuB, Inside, Right 
Door, Right 

80K Shroud, Centered, Rlg^t 

, Top 

, Rear, Centered 
, At FWD. Left Support 
80K Door Shroud, Top 
Copper Plate 

Braid Flange, at Cryocooler End 
, at Bezel End 
80K Door Shroud, Bottom 
Shade, Top 

, At Optical Centerline 
Window Bezel, Bottom 
, Top 

Chamber, at Left FWD 80R Shroud Support 

80R Shroud Rail, Center 

80R Shroud, Centered, Left . 

Window, Inside Surface, 1<)%" from Jc 

at 12 o'clock 

, at 3 o'clock 

, at 6 o'clock 

Window, Outside Surface, Opposite #29 


APPENDIX D 


INTERFEROMETRIC DATA REDUCTION - FIRST COLD CYCLE 


Th« intsrferograms were reduced to surface deflection components 
(cylinder » coma, tricorn, r^) and contour maps using Xtek Optical 
Systems FRED (Fringe REDuctlon) Program. Subtractions were perfonx^d 
polnt-by-point after tilt and nearest sphere (area weighted rms 
minimum) components were removed and the data Interpolated to a 
50x50 grid overlaid on the circular aperture. 

Examination of these data can be tedious, and we have selected 
those Items which Illustrate all of the loq>ortant changes observed 
with a minimum of repetition. We do non want to present a tutorial 
on examination of all of the data components , and believe that most 
readers will be able to form their own judgements on the significance 
of the data by examining the contour plots presented. We have also 
summarized the values of and changes in the "low frequency" components 
in Table A-1 with the caution that the significance attributed to 
differences (In particular) should not be pushed much beyond 0.1 wave 
inmost cases, one significant digit. Also, note that in all cases, 
the indicated changes in focus are not significant since It was 
usually necessary to reposition or refocus the Interferometer for 
each photograph. 
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PLOT NUMBER 


OSFRDBB? OPTICSGO 13«52»*28 83.111 

SUBTRACT H83«U03 MINUS H83«1401 ' 

1 

NONE (C) RMS 0.21 PKTPK 1.56 FRED SCflLI 


OKujil^L PAGt IS 
TOP OF POOR QUALITY 



I 

Figure D-2. Ilirror Contour at 16:00 hrs., 3/^/83 
(Mirror Temperature approx. 13 Kelvins) 
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Figure D-10. Full Aperture Point-By-Point Subtraction 
of Mirror Contour at 17:21:08 minus Contour at 17:19:A0 on 3/4/83 
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APPENDIX E 


INTERFEROMETRIC DATA REDUCTION - SECOND COLD CYCLE 


r 


The only interferometric data reduced for the second cold 
test cycle is shown on the FRED summary sheet, serial #681. Deck 
No. h831751 is for the interferogram (Polaroid) taken at 8:56:05 
on 5/19/83 with the mirror at approximately 15 Kelvins. Window 
aberrations, again verified as small, were not subtracted. Deck 
No. H831750 is for the interferogram taken on 5/23/83, at which 
time the thermocouple data record indicates that the mirror temperature 
was changing less than 0.2K per hour. Contour plot figure mmbers 
are indicated on page 2 of the summary. 

Note that FRED data have not been scaled and thus represent 
wavefront values. Multiplying by -0.5 to obtain mirror surface 
deflections, one finds that the values are comparable to those of 
the first cold cycle. 

The temperature- time plots of Figures E-9 and E-10 appear 
self-explanatory. 
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